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Abstract
XMASS, a low-background, large liquid-xenon detector, was used to search
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for solar axions that would be produced by bremsstrahlung and Compton ef-
fects in the Sun. With an exposure of 5.6 ton days of liquid xenon, the model-
independent limit on the coupling for mass ≪ 1 keV is |gaee| < 5.4 × 10−11
(90% C.L.), which is a factor of two stronger than the existing experimen-
tal limit. The bounds on the axion masses for the DFSZ and KSVZ axion
models are 1.9 and 250 eV, respectively. In the mass range of 10–40 keV, this
study produced the most stringent limit, which is better than that previously
derived from astrophysical arguments regarding the Sun to date.
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Axion, Sun, xenon
1. Introduction
The axion is a hypothetical particle invented for solving the CP problem
in strong interactions [1]. As the initial Peccei–Quinn–Weinberg–Wilczek
model of axions is directly tied to the electroweak symmetry-breaking scale,
an experimental search was relatively easy and the model was ruled out
early. However, invisible axion models such as DFSZ [2] and KSVZ [3],
whose symmetry-breaking scale is separated from the electroweak scale, are
still viable. The DFSZ axions have direct couplings to leptons whereas the
KSVZ axions (hadronic axions) do not have tree-level couplings to leptons.
In these models, the mass of axions is
ma =
√
z
1 + z
fpimpi
fa
=
6.0 eV
fa/106GeV
,
where fa, fpi, and mpi are the axion decay constant [4], the pion decay con-
stant, and pion mass, respectively, and z = md/mu ∼ 0.56 is the quark mass
ratio.
At present, the search for axions as well as axion-like particles (ALPs)
focuses on couplings to photons (gaγγ), nucleons (gaNN) and electrons (gaee).
There are three types of searches: (1) laboratory-based experiments in which
sources and detectors are prepared, (2) astrophysical investigations that ex-
amine any significant deviations in the properties of stars from theoretical
predictions due to extra emission of energy, and (3) using laboratory detec-
tors to look for axion signals from the Sun or cosmological relics. Experi-
ments searching for axions have so far produced null results, but sensitivities
continue to improve.
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In experimental searches that utilize gaγγ , a series of experiments using
strong magnets [5, 6, 7] successfully improved sensitivities by increasing the
magnetic field strength and the conversion length. The suggestion [8] to use
Bragg scattering to improve sensitivity for solar axions in crystalline detectors
was used in [9, 10, 11, 12]. Another way to enhance sensitivity is to exploit
resonant absorption on nuclei [13]. To date, several experimental results are
obtained in this scheme [14, 15, 16, 17, 18, 19, 20, 21, 22, 24, 23]. Significant
improvement can be achieved if the signals can be read out efficiently. On the
other hand, an efficient experimental search with gaee has not been performed.
A pioneering experiment used a Ge detector (710 g) [25] and a recent search
used a Si(Li) detector (1.3 g) to search for signals from axions generated by
the bremsstrahlung and Compton effect via the axioelectric effect [26].
The choice of target material strongly affects the reach of a solar axion
experiment using axion coupling to electrons. Liquid Xe is both dense and
has a high atomic numbers [27]. The XMASS detector, which uses 835 kg of
liquid xenon in its sensitive volume, is suitable for this purpose. Its low energy
threshold (0.3 keV) is also useful as the predicted energy spectrum is very
soft and has a peak at less than 1 keV for light axions. Its low background (a
few keV−1kg−1day−1) makes it particularly useful when searching for solar
axions.
2. Expected Signal
The signals we searched for are produced by the Compton scattering of
photons on electrons e + γ → e + a and the bremsstrahlung of axions from
electrons e+Z → e+ a+Z in the Sun. The expected fluxes and spectra are
derived as follows.
The solar axion flux produced by Compton scattering was calculated in
[28, 29]. The axion differential flux is expressed as
dΦca
dEa
=
1
A2
∫ R⊙
0
∫
∞
Ea
dNγ
dEγ
dσc
dEa
dEγNe(r)r
2dr, (1)
where Ea is the total energy of the axions, A is the average distance between
the Sun and the Earth, R⊙ is the radius of the Sun, dNγ/dEγ is the blackbody
spectrum of photons, dσc/dEa is the cross section for the Compton effect,
and Ne(r) is the electron density at the radius r. Since ma and Eγ is assumed
to be much smaller than me, the differential cross section is approximately a
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product of δ(Ea −Eγ), and the total cross section [29] is expressed as
σc = α
g2aeeE
2
γva
4m4e
[(
1 +
v2a
3
)(
1 +
m2a
2E2γ
)
− m
2
a
E2γ
(
1− m
2
a
2E2γ
)]
, (2)
where α is the fine structure constant, me is the electron mass, gaee is the
axion’s coupling to electrons [4] which is (1/3)(cos2 β)me/fa in the DFSZ
axion model [26], and va = (1 − m2a/E2γ)1/2 is the velocity of the outgoing
massive axion. cot β is the ratio of the two Higgs vacuum expectation values
of the model [4].
The energy spectrum of solar axions produced by the bremsstrahlung
effect was calculated in [28, 30]. The differential energy spectrum is
dΦba
dEa
=
1
A2
∫ R⊙
0
∫
∞
Ea
dNe
dEe
ve
dσb
dEa
dEe
∑
Z,A
Z2N(r)r2dr, (3)
where ve is the velocity of the electrons, dNe/dEe is the energy spectrum
of the electrons, dσb/dEA is the cross section for the bremsstrahlung effect,
and NZ,A(r) is the atom density at radius r. The cross section dσ
b/dEa is
calculated by considering the energy conservation of the electron and axion
system [30].
The temperature, electron density, and atomic density are given by the
standard solar model BP05(OP) [31]. Figure 1 in Ref. [26] shows the energy
spectra for various masses of axions. The bremsstrahlung component domi-
nates below 10 keV, whereas the Compton contribution dominates at higher
energy.
The expected energy spectrum to be observed with a detector is
dNobs
dE
= σae(Ea)
(
dΦca
dEa
+
dΦba
dEa
)∣∣∣∣
Ea=E
, (4)
where σae(Ea) is the cross section for the axioelectric effect [32]. For the cross
section, the expression of Eq. (3) in Ref. [26] is used for va
σae(Ea) = σpe(Ea)
g2aee
va
3E2a
16piαm2e
(
1− va
3
)
, (5)
where σpe(Ea) is the photoelectric cross section of the detector medium for
gamma rays with energy Ea. The photoelectric cross section is available in
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Figure 1: Expected energy spectra of events observed using the liquid-xenon detector. No
resolution effects are included. Different curves are for axion masses with 0, 1, 2, 4, 8,
and 16 keV. The inset shows spectra of axion masses with 32 and 64 keV. Due to a cross
section enhancement for nonrelativistic axions, an increase at E ∼ ma can be seen. The
step around 5 keV corresponds to the L-shell absorption edge of the axioelectric effect.
5
Ref. [33, 34]. The predicted energy spectra for a xenon target for various
axion masses are shown in Fig. 1.
The predicted energy spectra calculated above are used to generate Monte
Carlo simulation samples. Axion signal samples can be simulated by inject-
ing gamma rays whose energy is the same as the total energy of the incoming
axions. This is because (1) there is a relationship between the cross section
of the axioelectric effect and the photoelectric effect as in Eq. (5), (2) the
photoelectric effect is dominant in this energy range (<100 keV), and (3)
the process after the axioelectric effect is exactly the same as that for the
photoelectric effect. In the simulation, we considered the nonlinearity of the
scintillation yield for gamma rays, the optical processes of the scintillation
photons in the detector, the photoelectron distributions and discrimination
threshold of photomultipliers, and the trigger conditions of the data acquisi-
tion system. The detailed description of the simulation and efficiencies were
previously reported [36, 35]. After taking into account the reduction effi-
ciency described in the next section, the expected energy spectra for various
masses of axions are obtained.
3. The Data
The XMASS detector is a large liquid-xenon detector located under-
ground (3000m water equivalent) at the Kamioka Observatory, Japan. It
contains an 835-kg liquid-xenon target with a surface of a pentakis-dodecahedron
that is tiled with inward looking photomultiplier tubes (PMT), 630 of which
have hexagonal and 12 have round photocathodes. The PMTs (R-10789,
Hamamatsu) are specially developed for this low-background detector. The
photoelectron yield at the center of the detector is evaluated at 14.7 photoelectrons
(p.e.)/keV using an internal 57Co source. The positional dependence (max-
imum 15%) of the photoelectron yield caused by the angular acceptance of
PMTs and absorption of scintillation light are taken into account in the
Monte Carlo simulations. Data acquisition is triggered if four or more PMTs
have more than 0.2 p.e. within 200 ns. The trigger efficiency around the
trigger threshold was examined by LEDs placed at the detector wall. The
observed behavior was well reproduced by the Monte Carlo simulations. Sig-
nals from each PMT are fed into charge ADCs and TDCs whose resolution
is around 0.05 p.e. and 0.4 ns, respectively. The liquid-xenon detector is sur-
rounded by a water Cherenkov veto counter, which is 10.5m in height and
10m in diameter. It is equipped with 72 20-inch PMTs whose signals are
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fed into the ADCs and TDCs. Data acquisition is triggered if eight or more
20-inch PMTs have hits. The detector is described in detail in Ref. [36].
The data set used in the solar axion search experiments covers February
21–27, 2012. A sequence of standard data reduction is applied to remove
events caused by afterpulses and electronic ringing. The standard reduction
consists of a series of cuts: (1) the event is triggered only by the liquid-xenon
detector; (2) the time difference to the previous event is more than 10ms;
(3) the root mean square of the hit timing is less than 100 ns and is used to
reject events caused by afterpulses of PMTs due to bright events; and (4) the
number of PMT hits in the first 20 ns divided by the total number of hits is
less than 0.6 for events in which the number of photoelectrons is less than
200. The fourth cut was applied to remove Cherenkov events originated from
40K in photocathodes (Cherenkov cut). The energy threshold of this analysis
is low (0.3 keV) because of our exceptional photoelectron yield, which is the
largest among current low-background detectors. A more detailed description
of the reduction can be found in Ref. [35].
Figure 2 shows the observed energy spectra. The total livetime is 6.7 days
after considering the dead time caused by the cut (2). The effect of trigger
cut (1) is visible below 0.4 keV as shown in Fig. 3 in Ref. [35] and is considered
in our Monte Carlo simulations. The same samples show that the cut (3) has
negligible effect on the signals. The signal efficiency due to the Cherenkov
cut, which is drawn in the same figure, was conservatively evaluated using
low-energy gamma-ray sources such as 55Fe and 241Am sources at various
positions. Because the efficiency weakly depends on the radial position of
the events and gradually decreases outward, the efficiency adopted in the
analysis was mostly evaluated at a radius of 40 cm where 93% of the mass
was contained inside. The Monte Carlo samples were compared with the
observed energy spectra after weighting this efficiency.
4. Limit on gaee
The observed spectra do not have any prominent features to identify ax-
ion signals with respect to the background. Instead, strong constraints on
gaee can be obtained from the observed event rate in the relevant energy
range. In order to set a conservative upper limit on the axion-electron cou-
pling constant gaee, the coupling is adjusted until the expected event rate in
XMASS does not exceed the one observed in any energy bin above 0.3 keV.
Figure 3 shows the expected energy spectra with the coupling constants ob-
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Figure 2: Observed energy spectra. The horizontal axis shows the “scaled energy” calcu-
lated by dividing the number of photoelectrons by the photoelectron yield at the center
of the detector, 14.7 p.e./keV. Error bars are statistical only. In this figure we also show
the efficiencies for the Cherenkov cut (closed circles with horizontal bars for the applicable
range; 1 for 100%) and for the combination of all our cuts (open circles). Only at the
trigger threshold is the overall efficiency not dominated by the Cherenkov cut efficiency.
The inset shows the same quantities for energies extending up to 100 keV.
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spectrum (solid histogram) for axion masses of 0, 5, 10, and 50 keV. The solid histograms
are scaled to the maximum coupling allowed at 90% C.L.
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Figure 4: Limits on gaee. The thick solid line shows the limit obtained in this study. The
other solid lines are limits obtained by laboratory experiments: Ge [25], Si(Li), 169Tm,
reactors, o-Ps, and beam-dump experiments (see [26] and references therein.) The dash–
dotted lines show astrophysical limits from red giant stars [4] and the solar neutrino
flux [37]. The dashed lines are theoretical predictions for the DFSZ (cos2 β = 1) and
KSVZ (E/N = 8/3) models. This study gives a stronger constraint by a factor of two
over previous direct experimental limits for axion mass ≪1 keV, and the best constraint
absolute between 10 and 40 keV.
tained by the procedure above. Figure 4 shows the summary of the bounds
of gaee. For small axion masses, a gaee value of 5.4× 10−11 is obtained. This
is the best direct experimental limit to date and is close to that derived
from astrophysical considerations based on measured solar neutrino fluxes:
gaee = 2.8× 10−11 [37]. For axion masses > 10 keV the energetics in the Sun
are no longer sufficient to effectively produce such axions. A systematic un-
certainty inherent to our method of comparing bin contents arises from the
specific choice of binning. This and systematic uncertainties for energy scale
including energy threshold, Cherenkov cut efficiency, and energy resolution
are evaluated to be 2%, 1%, 2%, and 1%, respectively. The total systematic
error, 3%, is obtained by summing these contributions in quadrature, and
the limit in Fig. 4 (90% C.L.) takes this error into account.
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The calculated limit depends on the interaction processes considered in
our detector as well as the processes considered for solar axion production in
the Sun. Processes such as the inverse Primakoff effect and nuclear absorp-
tion on the detection side, and the Primakoff effect and nuclear deexcitation
on the production side can be neglected because the constraints on ggγγ and
gaNN are tight. A possible additional contribution caused by gaee on the de-
tection side is the inverse Compton effect. This can be neglected because of
its small cross section [38]. On the production side, there are other known
contributions such as electron-electron bremsstrahlung [39] and the axio-
recombination effect [40]. However, the expected fluxes for these processes
are only known in the limit of massless axions. For this reason and in order
to directly compare our results with the most relevant previously published
ones we restrict the production processes we consider to the electron-nuclei
bremsstrahlung and the Compton effect. As omitting production mecha-
nisms lowers the flux estimate, all the limits thus derived will have to be
considered conservative.
The nature of the events surviving the analysis cuts is also of interest.
According to our study on these events, most of them originate on the in-
ner surface of the detector [41]. These events are attributed to radioactive
contamination in the aluminum seal of the PMT entrance windows, 14C de-
cays in the GORE-TEX R© sheets between the PMTs and the copper support
structure, and light leaking from gaps in between the triangular elements of
this support structure.
5. Conclusion
In summary, solar axions produced through axion-electron coupling were
searched for in XMASS, a large liquid-xenon detector. The energy threshold
is low (0.3 keV) because of our exceptional photoelectron yield, which is the
largest among current low-background detectors. As our observed spectrum
does not show any indications of axion signals, we derive constraints on the
gaee coupling. Our limit on gaee for axions with mass much smaller than 1 keV
is 5.4 × 10−11. The bounds on the axion masses for the DFSZ and KSVZ
axion models are 1.9 and 250 eV, respectively. For axion masses between 10
and 40 keV, our new limits are the most stringent that are currently available.
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